Cholesterol synthesis and clearance by astrocytes are tightly regulated to maintain constant levels within the brain. In this context, liver X receptors (LXRs) are the master regulators of cholesterol homeostasis in the central nervous system (CNS). Increasing levels of cholesterol in astrocytes trigger LXR activation leading to the transcription of target genes involved in cholesterol trafficking and efflux, including apolipoprotein E, cytochrome P450 enzymes, sterol regulatory binding protein, and several ATP-binding cassette transporter proteins. The disturbance of LXR signaling in the brain can lead to significant dysfunctions in cholesterol homeostasis, and disruptions in this pathway have been implicated in numerous neurological diseases including Alzheimer's disease and Huntington's disease. HIV infection of the CNS in combination with cocaine use is associated with astrocyte and neuronal energy deficit and damage. We propose that dysregulation in CNS cholesterol metabolism may be involved in the progression of HIV-associated neurocognitive disorders (HAND) and in cocaine-mediated neurocognitive impairments. We hypothesize that exposure of astrocytes to cocaine and the HIV protein Tat will disrupt LXR signaling. Alterations in these pathways will in turn, affect cholesterol bioavailability for neurons. Our data show that exposure of astrocytes to cocaine and HIV-Tat significantly decreases LXRb levels, downstream signaling and bioavailability of cholesterol. Taken together, these data uncover novel alterations in a bioenergetic pathway in astrocytes exposed to cocaine and the HIV protein Tat. Results from these studies point to a new pathway in the CNS that may contribute to HAND in HIV1 cocaine user individuals.
2016). LXRs are transcription factors dependent on heterodimerization
with the retinoic acid receptor (RXR) and ligand binding to both receptors by oxysterols and 9-cis retinoic acid, respectively. Target genes include Apolipoprotein E (ApoE), sterol regulatory binding proteins (SREBP), acetyl CoA decarboxylase, fatty acid synthetase, glial fibrillary acidic protein (GFAP), and several ATP-binding cassette transporter (ABC) proteins. In the absence of ligand agonists, LXR and RXR are bound by co-repressors to inhibit the expression of target genes. Activation of transcription occurs upon agonist binding, conformational change of the receptor complex, release of repressors and association with co-activators (Spann & Glass 2013) . Apolipoprotein E (ApoE) is a major lipid carrier in the brain (Kim, Basak, & Holtzman, 2009 ) and a variant of ApoE, ApoE4, has been widely implicated as being a risk factor in the development of Alzheimer's disease (AD), thus supporting the importance of ApoE in maintaining proper neural functioning (Kim et al. 2009; Vance 2012) . ABCa1 works in accord with ApoE as the major cholesterol transporter to regulate ApoE lipidation (Tachikawa et al. 2005) . The disturbance of LXR signaling in the brain can lead to significant dysfunction in cholesterol homeostasis and has been implicated in numerous neurological diseases including AD and Huntington's disease (HD) (Leoni & Caccia 2015; Martín, Pfrieger, & Dotti, 2014) . In this context, disruptions in peripheral cholesterol flux are also observed in HIV-infected individuals, thereby contributing to increased risk of atherosclerosis and cardiovascular disease (Bandaru et al. 2013; Feeney et al. 2013; Mujawar et al. 2006) . Several studies suggest that dysregulation in CNS lipid metabolism may be involved in HIV-associated neurocognitive disorders (HAND) pathogenesis; however, the underlying mechanisms remain unclear. A major contributor to the development of HAND is the use of illicit drugs such as cocaine (Larrat & Zierler 1993) . In fact, cocaine use is a major risk factor for becoming infected with HIV and together, HIV and cocaine synergize to increase cellular dysfunction in astrocytes in the brain (Buch et al. 2012; Dahal, Chitti, Nair, & Saxena, 2015; Hauser & Knapp 2014; Reynolds et al. 2006; Yang et al. 2016) . Likewise, HIV infection and cocaine use are associated with myelin loss and synaptodendritic damage (Dash et al. 2011; Fitting et al. 2013; Kim et al. 2003; Periyasamy, Guo, & Buch, 2016) , suggesting that dysregulation in CNS cholesterol metabolism may be involved in the progression of neurocognitive impairment. Several studies report toxic synergy between cocaine and HIV proteins such as Tat to cells of the CNS, including astrocytes (Gandhi et al. 2010; Wayman, Chen, Persons, & Napier, 2015) . Therefore, given the importance of astrocytes in LXR-mediated cholesterol regulation and their role in providing metabolic support to other CNS cells, we hypothesized that exposure of astrocytes to cocaine and to the HIV protein Tat would lead to disruptions in LXR signaling and its target gene expression. Alterations in these pathways would in turn affect the bioavailability of cholesterol from astrocytes to neurons and oligodendrocytes, and promote neuronal dysfunction leading to increased neurotoxicity and likely exacerbate HAND. Here, we examine the impact of cocaine and HIV-1 Tat on LXR signaling and cholesterol homeostasis in astrocytes. In combination, cocaine and HIV-1 Tat disrupted LXR signaling and its target genes leading to reduced release of ApoE-bound cholesterol by astrocytes which negatively influenced neuronal cholesterol uptake and neuronal synaptic properties.
| M A TER I A LS A N D M ETH OD S

| Animals
This study used doxycycline (Dox)-inducible GFAP promoter driven HIV-1 Tat transgenic mice generously provided to the Comprehensive NeuroAIDS Center by Dr. Johnny He and C57BL/6J wild-type mice (Kim et al. 2003) . Animal care and experimental procedures were conducted according to the Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of Temple University approved all experimental protocols. Mice were housed in single-sex groups of four to five animals in an animal facility with constant airflow controlled temperature (218C-238C), a 12-hr light/dark cycle, and the mice were supplied with food and water ad libitum. The mice were divided into four groups with five mice per group both male and female. Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved in sterile water, sterile-filtered, and administered at 15 mg/kg intraperitoneally (i.p.) once per day for 14 days. For Tat induction, Tat mice were injected i.p. with doxycycline hyclate (Dox) (Sigma-Aldrich)
for 7 days at a dosage of 80 mg/kg/day. The control (Con) group received saline injections over the course of the experiment. The Tat only (Tat) group was administered Dox for 7 days. The cocaine only (Coc) group received 14 days of cocaine (15 mg/kg i.p.). The cocaine plus Tat group was pretreated for 7 days with Dox, followed by 14 days of cocaine. All mice received a last dose of cocaine (15 mg/kg i.p.) 24 hr before euthanasia.
| Tissue harvest
Brains from mice were quickly removed after euthanasia and placed into ice-cold 1X phosphate buffered saline (PBS). Brains were dissected into hippocampus, striatum and frontal cortex and stored at 2808C.
| Protein extraction from tissue
Frozen brain tissue was homogenized by mechanical dounce disruption on ice in TNN buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 1: 100 protease inhibitor cocktail; Calbiochem, San Diego, CA).
Tissue homogenates were centrifuged at 14,000 rpm at 48C for 5 min.
The supernatant containing proteins was collected and protein concentrations were determined using the Pierce 660 nm Protein Assay (Thermo, Pittsburgh, PA).
| Primary cell culture
Human primary neurons and astrocytes were provided by the Temple University Comprehensive NeuroAIDS Center. In brief, fetal brain tissue (gestational age 16-18 weeks) was obtained from elective abortion procedures performed in full compliance with National Institutes of Health and Temple University ethical guidelines. Briefly, the tissue was washed with cold Hanks balanced salt solution (HBSS) and meninges and blood vessels were removed. For astrocytes, after tissue dissociation in trypsin, cells were plated in mixed glial growth media; DME:F12
(1:1) media supplemented with insulin, 10% fetal bovine serum, Amphotericin B, L-glutamine, and gentamicin. The mixed culture was maintained under 10% CO 2 for 5 days, and the media was changed to remove any cell debris. To enrich for astrocytes, flasks were placed on an orbital shaker for 14-18 hr at 200 rpm in glial growth media.
Detached cells constituted the microglial component of the culture and were removed leaving astrocytes attached. Astrocytes were cultured in glial growth media at 378C, 5% CO 2 . For primary neuron isolation, brain tissue in HBSS was digested with papain (Sigma-Aldrich) for 30 min at 378C. The tissue was further dissociated to obtain single-cell suspensions by repeated pipetting. Neurons were plated at a density of 
| Cell harvest and protein extraction
Following treatments, cells were washed in 13 PBS, scraped from the culture plate and collected in ice-cold PBS. The cell suspension was centrifuged at 14,000 rpm for 10 min at 48C and the supernatant was discarded. The cell pellet was then re-suspended in ice-cold RIPA lysis buffer (Thermo) containing protease and phosphatase inhibitor cocktails (Thermo), vortexed, and incubated on ice for 25 min to complete cell lysis. Samples were then centrifuged at 14,000 rpm for 10 min at 48C to separate insoluble material. The supernatant containing proteins was collected and placed into pre-chilled 1.5 ml Eppendorf tubes and samples were stored at 2808C until protein analysis was performed. (Rasband, 1997) .
| Western blotting
| Cell viability
Cell viability was measured by the MTT assay according to manufacturer's protocol (Sigma). Cells were seeded at 3 3 10 5 cells/ml in a 12-well plate and treated with cocaine and/or Tat every 24 hr for 48 hr.
MTT solution (150 ll) was added to each well and incubated for 2 hr.
The culture medium was aspirated and 1 ml of MTT solvent was added to each well. Cell viability was determined by the formation of formazan crystal and measured by absorbance at 590 nm and 620 nm.
| Gene expression analysis
To determine changes over time in relative levels of ApoE, ABCa1, and
LXRb following treatment with cocaine and Tat, RNA was isolated from astrocytes (5 3 10 5 cells/ml) by RNeasy Mini Kit (Qiagen) according to manufacturer's protocol and cDNA was synthesized from 500 ng of RNA using the iScript cDNA Synthesis Kit (BioRad). qPT-PCR was performed using the following Taqman probes and primers (IDT):
Reverse 5 
| ApoE release
Conditioned media from cocaine-, Tat-, and cocaine 1 Tat-treated astrocytes was concentrated 20-fold using Pierce Protein Concentrator PES (Thermo) and analyzed by ELISA for levels of secreted ApoE. Any cells were removed by centrifugation and the remaining supernatants were analyzed using a human ApoE ELISA kit according to manufacturer's instructions (Thermo). One-hundred microliters of each sample were measured in duplicate and ApoE levels were assessed by absorbance at 450 nm.
| Measurement of extracellular cholesterol
Astrocytes were seeded in six-well plates (5 3 10 5 cells/well) and 48 hr later culture media was replaced with serum-free DMEM/F12
for cocaine and Tat treatments. Serum-free conditioned media from astrocytes was evaluated using Amplex Red Cholesterol Assay Kit (Thermo) following manufacturer's instructions.
| Fillipin III staining
To visualize intracellular cholesterol accumulation, astrocytes were plated on to glass-bottomed dishes and treated with cocaine and Tat 
| Statistical analysis
All data were analyzed using either the student's t test or one-way analysis of variance (ANOVA) with post hoc testing where appropriate using GraphPad Prizm (GraphPad Software Inc., San Diego, CA). Results were expressed as mean 6 SEM, n 3. Values of P .05 were considered statistically significant.
| RE S U L TS
| Effects of cocaine and HIV-1 Tat on LXRb and target gene expression in astrocytes
To examine whether LXR signaling is disrupted by cocaine and/or HIV-1 Tat, we exposed astrocytes to cocaine, Tat, or both. We found that FIGUR E 3 Changes in LXR-b and downstream target gene mRNA expression in astrocytes over 48 hr following cocaine and Tat exposure. Astrocytes were treated with cocaine (5 lM) and recombinant Tat (50 ng/ml) concurrently for 1, 2, 6, 24, and 48 hr. mRNA was extracted and reverse transcribed followed by quantitative real time PCR for (a) LXRb (P < .01**), (b) ABCa1 (*P < .05, **P < .005), and (c) ApoE (****P < .0001). Results are expressed as mean 6 SEM, n 3 [Color figure can be viewed at wileyonlinelibrary.com]
FIG URE 4 ApoE release is reduced following cocaine and Tat exposure. Conditioned media from astrocytes exposed to cocaine (5 lM), recombinant Tat (50 ng/ml), or cocaine and Tat was collected and ApoE was quantified by ELISA (*P < .05). Results are expressed as mean 6 SEM, n 3 [Color figure can be viewed at wileyonlinelibrary.com] and this trend extended to 24 and 48 hr (Figure 3a) . Similarly, ABCa1 mRNA expression was unaffected at 1 and 2 hr (Figure 3b) . By 6 hr, ABCa1 mRNA levels decreased significantly and remained decreased through 48 hr. Interestingly, ApoE mRNA levels followed a cyclic pattern after cocaine 1 Tat treatment (Figure 3c ). ApoE mRNA expression is significantly increased after 1 hr, but by 2 hr, expression returned to baseline. ApoE mRNA levels decreased significantly by 6 hr, but returned to normal levels at 24 hr. At 48 hr, a significant decrease in ApoE was detected. In summary, these data reveal that at the message level, the combined effects of cocaine and Tat on the LXR-b signaling pathway occur early after exposure and have lasting effects.
FIG URE 5
Cholesterol deficits in astrocytes exposed to cocaine and Tat. Astrocytes were cultured in serum-free media and exposed to cocaine (5 lM), recombinant Tat (50 ng/ml), or cocaine and Tat. (a-c) Cells were harvested and conditioned media was collected. Levels of cholesterol were quantified by Amplex Red Cholesterol Assay. (a) Total cholesterol (*P < .02, **P < .005), (b) Intracellular cholesterol (*P < .05, **P < .005), (c) Extracellular cholesterol (*P < .02, **P < .01). The levels of secreted ApoE following cocaine or Tat alone did not change significantly when compared with control. However, astrocytes treated with both cocaine and Tat showed a decrease in ApoE levels in media following 48 hr exposure when compared with control ( Figure   4 ). When assessing levels of cholesterol, our data showed that Tat, cocaine and Tat/cocaine reduced levels of total cholesterol, with Tat and Tat/cocaine reaching statistical significance (Figure 5a ). Furthermore, intracellular cholesterol was reduced in all conditions but this reduction was greatest (50%) in astrocytes treated with both cocaine and Tat (Figure 5b) . Similarly, cholesterol released into the astrocyteconditioned media was reduced in all three treatment conditions. Yet, this reduction was only significant in the Tat, and cocaine/Tat groups where released cholesterol levels were reduced by 83% and 73%, respectively ( Figure 5c ). Decreases in net cholesterol levels reflect a significant defect in cholesterol homeostasis in astrocytes when exposed to cocaine or Tat and this effect was exacerbated when astrocytes were exposed to cocaine and Tat simultaneously ( | 895 compared with control astrocytes and returned to control levels over the time course (Figure 6a,b) . Interestingly, the decrease in total SREBP2 was coupled to an increase of cleaved SREBP2 at 2 and 6 hr ( Figure 6a ,c), suggesting that SREBP2 is activated under this condition.
In line with increased activation of SREBP2, we observed an increase in the protein levels of its target gene, HMGCR in the cocaine and Tat treated-astrocytes at 48 hr (Figure 6a,d ). To confirm that cleaved SREBP2 upregulates its downstream target genes, we measured the transcript levels of HMCGR and low-density lipoprotein receptor (LDLR), and found a significant burst in transcript levels of HMCGR at 2 hr (Figure 6e ). LDLR mRNA levels increased at 2 hr however, this increase was not statistically significant (Figure 6f ).
| Disruption in astrocyte-neuronal cholesterol crosstalk
To determine whether cocaine-and Tat-induced disruption of cholesterol supply in astrocytes influences neuronal integrity, we utilized a transwell system to co-culture human primary neurons in the lower chamber and astrocytes in the upper chamber whereby direct contact between the two cell types was prevented yet, secreted factors, such as ApoE and cholesterol could be exchanged. Astrocytes were plated onto transwell inserts, which were then placed into plates containing neurons. Cocaine and Tat treatments were then added directly to the upper chamber with the astrocytes. Levels of neuronal LDLR and CYP46a1 proteins were assessed. LDLR mediates the uptake of lipids into the cell and is upregulated in response to decreased intracellular cholesterol concentrations. Our data show that LDLR is significantly increased in neurons cultured with cocaine-and Tat-exposed astrocytes (Figure 7a,b ). This suggests a need for neurons to take up more cholesterol when exposed to conditioned media from astrocytes treated with cocaine and Tat. Along these same lines, we found that CYP46a1, an enzyme that metabolizes cholesterol, is down regulated in neurons exposed to conditioned media from astrocytes treated with cocaine and Tat when compared with controls (Figure 7a,c) . These data suggest that neurons respond to conditions of low cholesterol from astrocytes exposed to Tat and cocaine.
To assess the neurotoxic effects of culturing neurons in the presence of astrocytes that have been exposed to cocaine and Tat, we measured the protein levels of two synaptic markers, post synaptic density 95 (PSD95) and synaptophysin in the neurons (Figure 8a-c) .
Both markers were significantly reduced in neurons cultured with astrocytes that had been exposed to cocaine and Tat (Figure 8a-c) . In addition, neurons were immunolabeled with anti-MAP2 antibody to visualize changes in neuronal connectivity (Figure 8d ,e). MAP2 immunofluorescence intensity was reduced in neurons cultured with astrocytes exposed to cocaine and Tat (Figure 8d ). In contrast, there was no difference in cholesterol regulatory proteins, synaptic or structural proteins in neurons exposed directly to cocaine and Tat, without the presence of astrocytes (Supporting Information, Figure S1 ). No difference in neuronal viability was observed when cultured with astrocytes in the transwells (Figure 8f ). This suggests that astrocytes play a key role in the neurotoxicity-associated with cocaine and Tat and this may be mediated by the reduction in cholesterol supply.
| Effect of cocaine administration on LXR signaling pathway in Tat transgenic mice
To examine whether the effects of cocaine and Tat on cholesterol homeostasis also occurs in vivo, we utilized Tat-transgenic mice in combination with a model of chronic cocaine use. Using brain-region specific homogenates from the hippocampus, our data showed a significant decrease of LXRb in Tat-expressing mice that received cocaine (Figure 9a,b) . Furthermore, downstream genes ABCa1 and ApoE were also significantly reduced in the hippocampus of Tat mice
given cocaine compared with the wild type (Figure 9c,d) . These results confirm in the animal model that HIV-1 Tat and cocaine disrupt LXR-b signaling. When we assessed changes in cholesterol uptake and break down, we found that LDLR was significantly increased in Tat mice that received cocaine, whereas, the cholesterol metabolizing enzyme, CYP46a1 was significantly decreased (Figure 9e,f) .
| D ISC USSION
Since the beginning of the HIV epidemic, illicit drug use has been closely intertwined with transmission and disease progression of HIV (Larrat & Zierler 1993; Purohit, Rapaka, & Shurtleff, 2011) . In particular, cocaine use is a well-known exacerbating factor that contributes to neurocognitive impairment associated with HIV infection Dahal et al. 2015) . Numerous reports have shown that the HIV- (Martín et al. 2014; Mason, Shoemaker, Shajenko, Chambers, & Herbette, 1992; Mulder et al. 1998; Roher et al. 2002) . In support of AD reports, low cholesterol levels have also been noted in the hippocampus of aging human brains and in hippocampal synapses of aging mice (Desai, Paronis, Martin, Desai, & Bergman, 2010; Martín et al. 2014; Svennerholm, Bostr€ om, Helander, & Jungbjer, 1991; Thelen, Falkai, Bayer, & L€ utjohann, 2006) . In fact, reports of short-term memory loss have been associated with cholesterol-lowering statin therapy causing the FDA to issue a warning on this drug class. In vitro, statins have been found to induce apoptosis in rat astrocytes and neurons (März, Otten, & Miserez, 2007) . Given the many roles of cholesterol in the CNS, it is clear that any disruption in the cholesterol supply to neurons can likely contribute to neurodysfunction. In agreement with human and animal studies, in vitro studies demonstrate that depletion of cholesterol has deleterious effects on neuronal function (Frank et al. 2008; Fukui, Ferris, & Kahn, 2016; Thiele, Hannah, Fahrenholz, & Huttner, 2000; Valenza et al. 2015) . Taken together, this reveals a potential convergence point for cocaine use and HIV-1 Tat to accelerate neurocognitive impairment. However, there are no reports on the potential effects of HIV-1 Tat or cocaine on cholesterol homeostasis within the CNS.
In the present study, we assessed the individual and combined effects of cocaine and Tat on cholesterol homeostasis in astrocytes.
We discovered multiple aspects of cholesterol regulation that were disrupted by cocaine and Tat in vitro and in vivo. Cholesterol homeostasis is maintained by a dynamic balance between cholesterol efflux controlled by LXR signaling and cholesterol biosynthesis triggered through SREBP2 activation (Courtney & Landreth 2016) . We found that LXR signaling was reduced in astrocytes following cocaine and Tat exposure resulting in decreased expression of the lipid carrier, ApoE and the lipid transporter, ABCa1 (Figures 1-3, & 4) . In addition to altered capacity to export cholesterol, diminished levels of astrocyte-derived cholesterol were detected following cocaine and Tat exposure ( Figure 5 ), suggesting that cholesterol biosynthesis may also be hampered under these conditions. However, cocaine-and Tat-treated astrocytes appear to respond to this deficiency by increased cleavage of SREBP2 into its active form to stimulate cholesterol biosynthesis mediated by upregulation of HMGCR expression, a rate-limiting enzyme in cholesterol generation ( Figure 6 ). However, total cholesterol levels remained low despite the transient activation of SREBP2 indicating that the cell may be unable to compensate for Tat/cocaine reduced cholesterol supply. It has been previously reported that in hepatic cells reduced cholesterol efflux and synthesis is observed after induction of endoplasmic reticulum (ER) stress despite increased SREBP2 activity (R€ ohrl et al. 2014 ).
This study demonstrated that although SREBP2 activation and HMGCR levels were increased, HMGCR activity was reduced by 70% under ER stress, which led to decreased cholesterol synthesis. There are a Analyses of LXRb protein expression relative to GAPDH (**P < .005, ***P < .0001) and its gene targets, (c) ABCa1 (*P < .02*), (d) ApoE (**P < .005), (e) LDLR (***P < .0005, ****P < .0001), (f) CYP46a1 (****P < .0001). Abbreviations: WT, wildtype; Cocaine, cocaine only group; Tat, Tat induced by DOX group; Cocaine 1 Tat, cocaine and Dox to induce Tat; LXRb, liver X receptor beta; ApoE, apolipoprotein E; ABCa1, ATP-binding cassette transporter 1; LDLR, low density lipoprotein receptor; CYP46a1, cytochrome P450 family 46a1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Results are expressed as mean 6 SEM, n 3 [Color figure can be viewed at wileyonlinelibrary.com] number of reports of ER stress induced by cocaine or Tat contributing to neurotoxicity (Desai et al. 2010; Fan & He 2016; Ma, Yang, Niu, & Buch, 2016; Periyasamy et al. 2016 ). Therefore, it is possible that ER stress may be an upstream event mediating cholesterol dysregulation following cocaine and Tat exposure. Furthermore, one group demonstrated that a reduction in SREBP activity in astrocytes can contribute to impaired synaptic plasticity in the hippocampus (van Deijk et al. 2017 ). This supports the importance of astrocyte-derived cholesterol in synaptic health and reveals that deficiencies in SREBP alone can have a negative impact.
Because the blood brain barrier prevents uptake of cholesterol from the periphery into the CNS, neurons rely on cholesterol synthesized by astrocytes (Bj€ orkhem & Meaney 2004) . Cholesterol bound to ApoE is transported out of astrocytes via ABCa1 (Pfrieger & Ungerer 2011) . Once in the extracellular space, the ApoE-cholesterol complex is taken up via LDL receptors into neurons where it can be utilized for synaptogenesis, synaptic vesicle formation, and axonal plasticity (Allen, Halverson-Tamboli, & Rasenick, 2007; Mauch et al. 2001; Pfrieger 2003; Thiele et al. 2000) . Reduced bioavailability of astrocyte-derived cholesterol to neurons has been shown to reduce neurite outgrowth, decrease synaptic properties, and impede synaptic activity (Fan et al. 2002; Valenza et al. 2015) . Using our co-culture system, we showed that cocaine and Tat together increase LDLR expression in human primary neurons, suggesting a decrease in intracellular cholesterol and a need for neurons to increase cholesterol uptake. This could be a direct compensatory response to the diminished supply of cholesterol provided by astrocytes (Figure 7) . Similarly, data that cholesterol metabolism was decreased further suggest that intracellular cholesterol was reduced in neurons exposed to cocaine-and Tat-treated astrocytes.
Cholesterol is a major component of synaptic vesicles and cholesterol
FIG URE 10
Hypothetical model of cholesterol dysregulation in astrocytes following cocaine and Tat exposure and its proposed impact on neurons. Astrocytes exposed to cocaine and Tat undergo several changes in cholesterol homeostasis. In astrocytes (left), intracellular levels of cholesterol are reduced following cocaine and Tat exposure. This diminishes activation of the LXR signaling pathway and therefore decreases expression of LXRb target genes, ApoE and ABCa1. ApoE is a major carrier of cholesterol and forms a lipoprotein complex to export cholesterol out of the cell. ABCa1 transporters aid in lipidating and exporting these complexes into the extracellular compartment. In the presence of cocaine and Tat, there is a significant decrease in intracellular and extracellular ApoE and cellular ABCa1. In agreement with diminished intracellular cholesterol and reduced secreted ApoE, there is significantly less cholesterol released into the extracellular environment. In response to reduced cholesterol levels, SREBP2 is cleaved into is active form to stimulate cholesterol biosynthesis through the upregulation of target genes important for cholesterol synthesis including, HMCGR. Neurons (right) utilize cholesterol to maintain many functions including synaptic vesicle formation and maintenance of cell structure. To compensate for the diminished availability of astrocytederived cholesterol, neurons upregulated the expression of LDLR likely in an effort to bring in more lipidated ApoE particles. Deficits in cholesterol supply to neurons could have detrimental effects including loss of synaptic integrity, failed neurotransmission, and gradual cognitive decline. Key: Red arrows indicate decline, green arrows indicate increases, transparent symbols signify a reduction, dotted lines suggest upregulation. Abbreviations: LXRb, liver X receptor beta; ApoE, apolipoprotein E; ABCa1, ATP-binding cassette transporter 1; SREBP2, sterol response element binding protein 2; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; LDLR, low density lipoprotein receptor; CYP46a1, cytochrome P450 family 46a1; LXRE, LXR-response element; RXRg, retinoic acid receptor gamma [Color figure can be viewed at wileyonlinelibrary.com] depletion has been shown to impair synaptic vesicle exocytosis and to block biogenesis of synaptic vesicles in cultured neurons (Linetti et al. 2010; Thiele et al. 2000) . Cholesterol depletion has also been demonstrated to affect the ability of synapses to sustain synaptic transmission (Goritz et al. 2005) . In the post synaptic compartment, loss of cholesterol has been reported to alter AMPA and NMDA receptor function, decrease endocytosis, and dysregulate TrkB receptor activation (Thiele et al. 2000) . All together, this can result in decreased hippocampal functioning. Our in vitro data reveal that cocaine and Tat can have deleterious effects on astrocyte cholesterol supply, thereby providing compelling evidence for a novel indirect effect of cocaine-and Tat on neuronal dysfunction in HIV infected individuals who use cocaine.
In ApoE-knockout mice, ApoE deficiency was associated with signs of neurodegeneration including decreased immunolabeling for the synaptodendritic markers, MAP2 and synaptophysin in the hippocampus and cortex (Masliah et al. 1995) . This demonstrates the importance of ApoE in the maintenance of synaptic integrity and how alterations can lead to neurodegeneration. Additionally, this highlights the importance of cholesterol delivery to neurons by ApoE to sustain neuronal fitness. In our Tat Enhancement of this pathway may attenuate neurite degeneration and synaptic defects seen in HIV infection and/or cocaine use.
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